Silicon photonics using microdisk and microring resonators are finding technologically important applications from telecommunications and on-chip optical interconnects to optofluidics and biosensing. Silicon-based microresonators that partially confine light by total internal reflection are versatile device structures which are highly wavelength-selective, reconfigurable via various refractive index tuning mechanisms, micrometer-scale footprint, and readily in/out-coupled with integrated waveguides. In this paper, we will highlight our latest progress in silicon photonics using microdisk and microring resonators for on-chip optical interconnects, optofluidics and biosensing applications including the experimental demonstrations of: (i) optical time delay and advance using silicon microring resonators integrated with pi-n diodes; (ii) photocurrent spectroscopy of microdisk resonators using two-photon-absorption induced photocarriers; (iii) optical trapping and transporting of microparticles using a water-clad silicon nitride microring resonator; and (iv) coupled microdisk resonator optical waveguide-based refractive index sensors.
INTRODUCTION
Microresonators, including geometric forms in microring and microdisk, are key building blocks for a host of on-chip silicon photonic devices including lasers 1 , modulators 2 , switches 3 , filters 4 , delays 5 and photodetectors [6] [7] [8] [9] [10] . Over the past decade, microresonator-based devices have enabled continuous advancement in expanding operational bandwidth, shrinking device size and reducing power consumption. On the relatively new field of silicon-based optofluidics, optical field enhancement and wavelength selectivity of microresonators have been leveraged to open up new possibilities in creating an integrated platform for probing, detecting and handling of microparticles 11, 12 . On the optical sensing front, due to the high-Q microresonator resonance wavelength shifts upon refractive index changes, we have in recent years witnessed a host of high sensitivity, compact-sized and potentially complementary-metal-oxide-semiconductor (CMOS)-compatible refractive index sensors that show promise for label-free biosensing applications [13] [14] [15] .
In this paper, we review our recent work and report latest progress in using microring and microdisk resonators on a silicon chip for addressing new functionalities in optical interconnects, particle manipulations and sensing. In section 2, we present the experimental demonstration of an electro-optically tunable time delay and advance on the throughput transmission of a waveguide-coupled silicon microring resonator integrated with p-i-n diodes. In section 3, we discuss using the two-photon absorption generated photocurrent as a spectroscopic tool for electrically probing the silicon microdisk resonator resonance modes internal fields. In section 4, we demonstrate a microparticle add-drop device using a silicon nitride (SiN) microring resonator integrated with microfluidic channels. In section 5, we propose a technique . Our demonstrated electrical power consumption is in the range of up to few mW and a tuning speed of sub-ns. However, such approach requires resonance wavelength tuning in order to tune the time delay and advance. Most recently, we demonstrated an improved electro-optical tuning of time delay/advance from -84 to 114 ps at a fixed resonance wavelength in a silicon microring resonator coupled with a feedback waveguide by tuning an additional feedback phase without directly tuning the microring resonance wavelength 16 .
However, in both our previous demonstrations 23 , we have only investigated the time delay/advance using the phase-shift technique with a sine-wave intensity modulated light at a fixed arbitrary chosen modulation frequency. Given the measured time delay/advance in a microresonator is dependent on the bandwidth of the modulated light, in this paper we investigate in detail the dependency of the time/delay on the sine-wave modulated light.
Figure 1(a) shows the analytically calculated transmission intensity (using transfer matrix) and time response (frequency derivative of the optical phase) of a microresonator-based notch filter. The intensity spectrum shows an inverted Lorentzian lineshape with an extinction ratio (ER) of 20 dB and a quality factor (Q) of 10 4 . The microresonator works in the under-coupling regime and displays a maximum of ~140-ps time advance at the resonance wavelength 23 .
Figure 1(b) shows the modeled anomalous phase response of the notch filter, which gives rise to the time advance. For an input light carrier centered at the resonance wavelength and intensity-modulated with a sine-wave of frequency f RF , the two sidebands that are separated by f RF experience different optical phase response through the filter, which results in time advance. Given the nonlinear phase response in the vicinity of the resonance center wavelength, the two sidebands with different bandwidths thus give rise to different time responses.
Here, we analytically investigate the dependency of the measured time delay and advance on the modulation frequencies under various microresonator Q and ER values 23, 24 . Figure 1 (c) shows the calculated time advance for a microring resonator-based notch filter with Q of 10 4 and ER of 20 dB. The theoretical maximum time advance at the resonance center wavelength is ~140 ps, while the modeled time advance assuming a modulation bandwidth of 0.2 GHz, 0.5 GHz and 1.0 GHz are 140 ps, 138 ps and 130 ps, respectively. Thus, the modeled time delay/advance can be compromised by the use of a relatively large modulation bandwidth. Figure 1(d) shows the calculated time advance for the filter with Q of 10 4 and ER of 30 dB. The phase response in the vicinity of the resonance center wavelength is steeper than that in Fig. 1(c) . The time advances with a modulation bandwidth of 0.2 GHz, 0.5 GHz and 1.0 GHz are 460 ps, 400 ps and 300 ps, respectively. Figure 1 (e) shows the calculated time advance for the filter with Q of 3×10 4 and ER of 20 dB. The phase response in the vicinity of the resonance center wavelength is also steeper than that in Fig. 1(c) . The time advances with a modulation bandwidth of 0.2 GHz, 0.5 GHz and 1.0 GHz are 420 ps, 360 ps and 270 ps, respectively. Figure 2(a) shows the schematic of a p-i-n diode integrated feedback-microring resonator on a silicon chip, which is based on our previous work 25, 26 . Both the microring resonator and part of the feedback-waveguide are laterally integrated with p-i-n diodes, which are denoted as diodes A and U. Figure 2(b) shows the optical micrograph of the fabricated device comprising the feedback-microring resonator connected to a microring resonator centered at a different resonance wavelength without feedback coupling (denoted B). All the optical transmission is measured after device B.
We measure the device optical transmission intensity and time response using a network analyzer 27 . Figure 2 (c) shows the schematic of the experimental setup for measuring time delay and advance. The light modulated by the network analyzer with RF frequency f RF is launched at the input-port of the chip. The light output from the chip is divided by a 3-dB coupler. One half of the output light is amplified by an erbium-doped fiber amplifier (EDFA), converted to electrical signal and returned to the network analyzer. Another half of the output light is collected with a photodetector in order to measure the transmission spectrum. This configuration ensures that the measured transmission spectra are not affected by the EDFA amplified spontaneous emission (ASE) noise, which could affect the measured device performance, i.e., Q and ER. We can calculate the time delay and advance using Δτ = ΔΦ /(2πf RF ), with ΔΦ the electrical phase difference between a transmission dip at an on-resonance wavelength and a high transmission level at an off-resonance wavelength. The f RF determines the maximum measurable delay and advance, which is 1/2f RF corresponding to ΔΦ = -π and +π. While both f RF and phase angle resolution determine the measured time resolution. 
TWO-PHOTON ABSORPTION SPECTROSCOPY IN MICRODISK RESONATORS
Two-photon absorption (TPA) is considered as the most pronounced nonlinear absorption in silicon photonic devices for the wavelength range around 1550 nm. The TPA-generated carriers, when coupled with free-carrier absorption (FCA), are deleterious to high-power devices such as silicon Raman lasers and amplifiers. In these devices, losses induced by TPA and FCA significantly limit the optical pumping and the gain 28 . In order to eliminate the TPA-generated photocarriers in these high-power devices, a widely adopted approach is to integrate a p-i-n diode along the waveguide in order to sweep out the carriers from the optical mode region 29, 30 . This leads to successful demonstration of a host of nonlinear optic devices including silicon Raman amplifiers and lasers 31, 32 . On the other hand, the TPA-generated carriers are collected for other applications including nonlinear optic detectors 6, 30 and TPA-photovoltaic devices 33, 34 .
We recently demonstrated cavity-enhanced photocarrier generation in a silicon microring resonator with 20-fold onresonance to off-resonance photocurrent enhancement. The photocarrier generation is based on the linear surface-state absorption (SSA). The nonlinear photocurrent generation occurred for the microring resonator with Q ≈ 8000 Q upon around 100 μW coupled power. Thus, it is expected that the TPA-generated photocurrent would be even more pronounced in microdisk resonators which typically support higher Q than microring resonators 8 . Figure 4(f) shows the corresponding measured photocurrent spectrum of the microdisk resonator upon a 5-V reverse bias across the p-i-n diode. The photocurrent spectrum shows pronounced peaks clearly revealing the microdisk whisperinggallery modes (WGMs). The highest collected current shows a peak height that exceeds 1000× of the background photocurrent. This photocurrent ratio between the on-resonance and off-resonance wavelengths is 50-fold larger than that previously observed in the relatively weak SSA-induced photocurrent in a lower-Q microring resonator. The photocurrent spectrum also clearly reveals the WGMs with significantly improved signal-to-noise ratio compared to the optical transmission spectra, especially for the high-Q modes which do no not couple with the waveguide as efficient as the low-Q modes. From the photocurrent spectrum, we measure a highest Q is ~2×10 5 .
We apply the photocurrent spectroscopy technique to study a double-notch (DN)-shaped microdisk resonator. DNshaped microdisk resonator is a non-conventional shaped microdisk with a key merit of gapless input-and outputcoupling via two submicrometer-sized notches. The gapless coupling facilitates inter-cavity coupling between DNshaped microdisk resonators in many-element coupled-resonator optical waveguides (CROWs) for high-order filtering and optical delays 7 . However, due to its non-circular shape, the understanding of WGMs in conventional circularshaped microdisk resonators is not readily applicable to analyze DN-shaped microdisk resonators. Figure 5(d) shows the measured photocurrent spectrum from the DN-shaped microdisk resonator with an estimated coupled power of ~125 μW upon a reverse bias voltage of 0 V. The photocurrent spectrum reveals sub-nano-ampere current peaks. The photocurrent generation is relatively low compared with that in the circular-shaped microdisk resonator (Fig. 4(f) ) due to the relatively low-Q modes in the larger sized (~19.2 μm radius) DN resonator, and the relatively wide p-i-n diode intrinsic region (~4.5 μm). From the photocurrent spectrum, we measure a highest Q is ~ 10 4 .
Figure 5(e) shows the corresponding measured optical transmission spectrum. From the optical transmission spectrum, it is not clear whether the high-Q modes exist due to the strong background modulation from higher-order low-Q modes. Besides, the asymmetric resonance line shapes (Fano line shapes) make it difficult to extract the linewidth and thus the resonance Q from the transmission spectrum. In contrast, the photocurrent spectrum probing the cavity internal fieldgenerated photocarriers can better reveal these high-Q modes.
We note that the resonance peak wavelengths in the photocurrent spectrum and the resonance dip wavelengths in the optical transmission spectrum do not always align. For example, the photocurrent resonance peak at 1508.5 nm is aligned with a local high-transmission peak adjacent to a sharp resonance dip. This indicates an interference effect of the transmission resonance with a coherent transmission background, which can be interpreted as a classical analogue of Fano resonance interference.
MICRORING RESONATORS FOR MICROPARTICLES TRAPPING AND TRANSPORTING
Planar microresonator-based optofluidic chips for optical manipulation of microparticles utilize the surface wave on the microresonator which has the benefit of resonance-cavity enhancement, and surface wave controlling through wavelength tuning. Recently, Yang et al., 12 demonstrated an SU-8-based optofluidic microring resonator switch for optical particle transport. Lin et al., 35 demonstrated the optical trapping of microparticles on silicon microring resonators. Mandal et al., 11 reported trapping, manipulation and transporting of microparticles using silicon photonic crystal resonators. Here, we show our recent work on optical manipulation of microparticles using a silicon nitride (SiN) microring resonator-based add-drop filter. We demonstrated microparticles throughput, trapping in round trips and dropping by selecting the carrier wavelength and the resonance Q factor. Such device can function as a microparticle add-drop filter for "microparticle circuits" in lab-on-a-chip applications 36 . Microparticles that are located in close proximity to the waveguide and spatially overlap with the waveguide surface wave can be vertically trapped by the gradient force and longitudinally driven by the scattering force. At a microring off-resonance wavelength (λ off ), optically driven microparticles are transported to the throughput-port. At a microring on-resonance wavelength (λ on ), the guided field in the throughput-waveguide is destructively interfered while that in the microring and the drop-waveguide is constructively interfered. Thus, the onresonant microring can route the microparticles from the input-waveguide to the microring. For sufficiently enhanced microring field (namely larger than the drop-waveguide field), the microparticles can be trapped in round-trips. While for relatively less enhanced microring field (namely comparable to the drop-waveguide field), the microparticles can be tubfl output-coupled to the drop-waveguide. Here we spatially partition the device into seven regions (I-VII) in order to describe the microparticle trajectories. Figure 6 (b) depicts the optical micrograph of the integrated optofluidic device. We adopt SiN material as the optical layer because of its (i) relatively wide transparency window from the visible to the near-IR bands, (ii) high refractive index contrast between SiN and water (~2/1.33) for compact device footprint, and (iii) CMOS-compatible fabrication process. For the microfluidic layer, we adopt photolithographic method in order to pattern silica channel walls for controlled alignment. The fluidic channel is 6 μm in height and covered with a cover glass. Figure 6 (c) schematically shows the experimental setup. The racetrack microring add-drop device comprises two arcs with diameter of 80 μm and coupling length of 30 μm. The coupled waveguides and the microring waveguide are 0.4 μm in width and 0.7 μm in height. The evanescent coupling gap spacing is ~0.35 μm. In order to study fewmicroparticles manipulation events across a relatively large device footprint, we inject diluted colloidal solution of 1-μm-sized polystyrene particles with density of ~12×10 7 particles/ml into the fluidic channel. We image the microparticles by a 50× microscope objective lens onto a charge-coupled device (CCD) camera, with white-light sideillumination. We end-fire ~120-mW 1.55-μm TM-polarized (electric field perpendicular to the chip) laser light into the input-waveguide using a lensed fiber. Given a ~18 -~22-dB insertion loss, we estimate that the coupled optical power inside the waveguide is below 10 mW.
Figures 7(a) and (b) show the measured throughput-and drop-port transmission spectra of two microring resonator-based add-drop devices with identical design: (a) Device I: The resonance Q factor is ~1698 according to the drop-port spectrum. The throughput transmission spectrum displays split modes, with extinction ratio of ~11 dB. (b) Device II: The Q factor is ~941 according to the throughput spectrum.
When we tune the input laser wavelength to off-resonance wavelengths B(1565.5 nm) for device I and B'(1564.5 nm) for device II, microparticles are transported to the throughput-port following trajectory I-II-VII (see Fig. 6 When we tune the input laser wavelength to on-resonance wavelength A(1564.02 nm) for device I and A'(1563.22 nm) for device II, microparticles show different trajectories in two devices. Figures 8(a) -(e) show that at on-resonance wavelength A on device I with Q ~1698, a microparticle is trapped by the input waveguide and routed to the microring input-arc in trajectory I-II-III. Figures 8(f) -(i) show that another microparticle is trapped by the output-coupling waveguide and routed back to the microring feedback-arc in trajectory IV-VI. The observation that the microparticle at resonance wavelength A can be routed back to the microring feedback-arc suggests that the microresonator field intensity is sufficiently higher than that in the drop-waveguide. Figure 10(d) shows the field-intensity in the throughput-waveguide is higher than that in the microring waveguide. The microparticles thus follow the higher surface field-intensity to the throughputwaveguide.
Figure 10(b) shows the simulated field-intensity distribution of the same device at an on-resonance wavelength. Figure  10 (e) shows the field-intensity in the microring waveguide is higher than that in the throughput-waveguide. The particle at the bus waveguide transports to the microring waveguide at the coupling region. Figure 10 (f) shows the field intensity in the microring feedback-arc is higher than that in the drop-waveguide, thus the particles travel on the microring resonator following the high intensity. At an on-resonance wavelength microparticles can be routed to the microring waveguide and keep trapped on the mirroring functioning as particle trapping.
Figure 10(c) shows the simulated field-intensity distribution of the device with a narrowed evanescent coupling gap of 0.2 μm at an on-resonance wavelength. On the throughput waveguide, on-resonance lightwave couples to the microring resonator and thus give rise to the particles transport to the microring waveguide. However, Fig. 10(g) shows that the field-intensity in the drop waveguide is slightly higher than that in the microring feedback-arc waveguide. The simulations thus suggest at an on-resonance wavelength with a relatively low Q and weakly enhanced cavity field microparticles can be routed to the drop-waveguide functioning particle drop.
The optical manipulated particle throughput, trapping, and dropping are generic to different waveguide coupled microresonators of different shapes. Recently, we are investigating the optical manipulation of microparticles on microdisk devices which provide multiple trapping channels formed by spatial field patterns of multimode WGMs 37 . The multimode microdisk resonators thus open up more particle manipulation possibilities by tuning optical wavelength to different WGM resonance wavelengths.
COUPLED MICRODISK RESONATOR OPTICAL WAVEGUIDE-BASED REFRACTIVE INDEX SENSORS
Optofluidic biosensing is a fast emerging interdisciplinary research area which integrates optical devices and microfluidics on the same chip for biosensing applications. For label-free biosensing, the effective refractive index change serves as a key parameter upon the receptors reacting with the analyte. A host of optical phenomena and devices have been exploited for label-free biosensing including surface plasmon resonance (SPR), interferometers, photonic crystal fibers, photonic crystals, WGM microresonators, and waveguides, etc 38 . In particular, silicon microresonatorbased optical sensors [13] [14] [15] have been attracting significant attentions due to key merits of high sensitivity to refractive index change (~10 -4 -~10 -5 RIU), compact size (tens of μm -~100 μm) and potential for large-scale-integration in optofluidic applications. The conventional single-element microresonator-based sensing is based on measuring sharp resonance wavelength shifts or line shape modulations upon refractive index changes. However, such methods require microresonators with high-quality factors.
Here, we discuss an alternative sensing principle using a CROW 39 on a SiN substrate. The optical sensing is based on the CROW spatial mode-field intensity pattern variation upon a refractive index change at a fixed wavelength within the CROW transmission band. The method only relies on measuring the out-of-plane light scattering from each coupled microresonator. Figure 11 illustrates the working principle of CROW sensors using multi-channel spatial detection. Figure 11 induces an inter-state transition at a fixed wavelength λ p , the mode-field pattern varies significantly (Fig. 11(c) ) while the transmission bands only spectrally shift within the bandwidth (Fig. 11(b) ). Thus, it is conceivable to extract discrete (digital) effective refractive index change from measuring the CROW mode-field intensity pattern change, given proper calibration and image processing. In order to model the CROW sensor sensitivity, we adopt the transfer-matrix based approach assuming cascaded identical Fabry-Perot cavities. As an initial device design, we aim at finding the key design parameters (κ, N, L) for high sensitivity to effective refractive index change while discerning spatial pattern variation at a single transmission wavelength. Figure 12(a) shows the modeled linewidth-to-FSR ratio as a function of κ upon various N and cavity size d.
In order to enable sensing interrogation at a single wavelength, it is desirable to have a relatively large transmission band linewidth-to-FSR ratio, which imposes a relatively large κ (the shaded region). Figure 12(b) shows the inter-state spacing Δλ as a function of k upon various N and cavity size d. The inter-state spectral spacing Δλ depends on the intercavity coupling κ, the cavity number N, and the constituent resonator round-trip length L (L = 2d, in a Fabry-Perot cavity), following the relation of Δλ ∝ κ/(NL) 39 . A small Δλ is desired as it determines the digital detection limit. This imposes relatively large N and large L. Proper designs of the inter-cavity coupling strength (κ), the detailed microresonator morphology (shapes / sizes) and the number of identically designed coupled microresonators N are critical to obtain closely spaced periodic transmission bands. In order to attain ~ 10 -5 RIU detection limit, we believe parameters N = 20-50 and L = 100-400 μm (corresponding to d = 50-200 μm) are reasonable, as shown in the FabryPerot-cavity-based modeling in Fig. 12 . For proof-of-principle demonstration, we use a microdisk-based CROW comprising 11 gaplessly coupled microdisks with input-and output-coupled waveguides based on our previous work 40, 41 . Figure 13(a) shows the scanning electron microscope (SEM) picture of our fabricated SiN CROW devices. The input laser is coupled from the waveguide to the spiral with a gap of 0.4 μm, and then propagates in gapless coupled double-notch microdisks, which each has a diameter of 40 μm and two 0.8 μm wide notches. Figure 13(b) shows the zoom-in view of the gaplessly coupled region between two adjacent microdisks in a CROW device. The device is fabricated by i-line (365 nm) photolithography and dry etched in a SiN-on-silica substrate and air-clad. Figure 13(c) shows the schematic of experimental setup. We characterize the CROW optical transmission spectra using a wavelength-tunable diode laser in the 1550-nm range and a photodiode detector. The laser light is end-fired to the CROW device by a lensed fiber. The out-of-plane light scattering is imaged onto a near-infrared camera. Figure 14(a) shows the optical micrograph of a 11-channel CROW. The input-port, drop-port and light propagation trajectory are labeled by arrows in the figure. Figure 14(b) shows the measured periodic drop-port transmission spectrum exhibiting relatively broadband transmission with a FSR corresponding to the microdisk round-trip length. We record the out-of-plane light scattering images for each wavelength within a transmission band with a step of 0.02 nm. Figure 14 (a) inset shows a typical measured light-scattering pattern from the coupling region between two seamlessly joint microdisks. The scattering is particularly pronounced in the coupling region due to the sharp junction interfaces (see Fig. 13(b) and Fig. 14(a) ). We define 11 integration windows, 10 in the vicinity of the inter-disk coupling regions, and 1 in the vicinity of the coupling junction between the end-disk and the drop-waveguide. We integrate the light scattering intensity inside each window in order to realize an 11-channel CROW sensor. Figure 14 In order to quantitatively analyze the pattern variations over wavelengths, we calculate the correlation matrix of these intensity arrays. The value of element R(a, b) in the matrix describes the similarity of the spatial array intensity distributions between two wavelengths A and B as follows:
where the spatial array intensity values at two wavelengths are written as a i and b i (i=1,2…n) with n=11 for the device under test, A and B are the means of a and b, S a and S b are the standard deviations of a and b. The correlation coefficient thus describes the similarity between the array intensity distributions at two wavelengths, with a value range from 0 (unrelated) to 1 (exactly identical). same wavelengths), which means that the scattering light intensity patterns at different wavelengths are distinguished from each other. Hence, based on our preliminary wavelength-scanning experiment with a wavelength tuning step of 0.02 nm at a fixed effective refractive index, we expect that the 11-channel CROW sensor should have a sensing resolution of ~10 -5 RIU. We are currently working to increase the CROW channel number in order to enhance the sensitivity and to demonstrate refractive index sensing using a fluidic cladding.
CONCLUSION
In summary, we reviewed our recent work on silicon photonic devices incorporating microring and microdisk resonators integrated with p-i-n diodes for optical time delay and advance, microdisk mode spectroscopy, and with microfluidic channels for microparticles trapping and transporting, and for potential refractive index sensing using spatial optical detection on multiple channels. Our work indicated that the p-i-n diode embedded microring resonator provides a viable on-chip solution for optical time delay and advance. While the two-photon absorption based photocurrent spectroscopy can be used to electrically probe the cavity-enhanced internal mode field, which proves to be useful in studying other novel shaped microresonators. It is noteworthy that this optical-to-electrical measurement method does not rely on the optical gain of the material, and thus provides a relatively direct measurement of resonance modes. On the optofluidic particle manipulation front, our work showed that it is feasible to optically manipulate single microparticles on a microring resonator-based add-drop device with both trapping and transporting modes depending on the carrier wavelength and the resonator quality factor. We therefore envision that by cascading multiple resonator-based microparticle add-drop devices, it should be possible to form a microparticle circuit on top of the optical circuit layer for microparticles sorting and transporting. On the optofluidic biosensing front, our proof-of-concept experiments suggested that coupled-resonator optical waveguide (CROW) enables an alternative refractive index sensing mechanism which is based on detecting spatial pattern variations upon refractive index change, which paves the way toward multi-channel imaging-based sensing.
